Light Emitting Diodes (LEDs) are light sources made from semiconductor devices. LEDs are gradually becoming the most popular light sources used in households, cars, and public lighting. They are replacing incandescent bulbs because they are much more energy efficient and don't produce heat.
Introduction
LEDs are p-n junction devices made from extrinsic semiconductors. An n-type and a p-type semiconductor are put in contact with each other to form a p-n junction diode. The difference in doping creates a depletion region at the contact interface. In this region there are no stationary charges: an electric field is formed from the opposite charges of holes and electrons attracting each other. majority carriers (electrons from the n-type and holes from the p-type) from each side move through the depletion region. Figure 1 represents how an LED is connected in a circuit. The black dots are the electrons and the circles represent holes. The arrows indicate the direction the majority carriers diffuse across the depletion region. For an LED to function the sign of the terminal from the voltage source should match that of the majority carrier charge. The positive end of the voltage source is connected to the p-type side in which the majority carriers (holes) have a positive charge. This is known as forward bias. As the majority carriers from each side move across to the opposite semiconductor, some electrons and holes collide with each other. In each collision an electron and hole essentially annihilate each other and the energy left over is used to emit a photon.
How LEDs Work
Band-to-band recombination is the main mechanism that describes carrier activity within an LED. When an electron in the conduction band meets a hole in the valence band it falls to a lower energy level (valence band) and releases energy in the form of a photon. The electron drops from band-to-band. When an LED is forward biased, the bands bend slightly in a way to decrease the energy barrier between the n-and p-type semiconductors. This reduced energy barrier enables more of the majority carriers to diffuse to the opposite side of the junction. Since the electrons from the n-side become the minority once they reach the p-side, recombination is more likely to occur. When an electron in the conduction band recombines it prefers to go to the highest energy state (the peak) in the valence band because according to semiconductor band gap theory that is where most of the holes are. In direct band gap semiconductors like gallium nitride most of these electrons are in the trough of the conduction band and may move to the valence band without any change in momentum from a phonon. The energy versus momentum plots of Figure 3 show that for an electron to recombine in an indirect semiconductor (silicon for example) additional momentum is required in the form of a phonon. The involvement of a phonon is not likely to occur. It is more efficient that LEDs are made from direct semiconductors so that nothing else (phonons) is required. The point of the device is to create photons from an electron-hole pair and it would be highly inefficient to introduce extra energy for the electron and hole to recombine. For these reasons indirect semiconductors are not likely to be used for LEDs.
Temperature Dependence
In LEDs, the band gaps of the semiconductors increase as temperature decreases. Lower temperatures cause band gaps to increase because the semiconductor's lattice parameter becomes smaller, meaning atoms get closer together.
This results in valence electrons getting closer to other valence electrons, increasing electrostatic potential energy \[U=\frac{qQ}{4 \pi \epsilon_0 r}\] where r is the distance between a free electron and a valence electron, \(\epsilon_0\) is the permitivity of free space, and q and Q represent individual charges. r decreases, which increases U.
The higher electrostatic potential energy of the electrons creates a higher band gap, as the interactions would make it more difficult for electrons to move to the conduction band. Compare two temperature situations for an LED: at room temperature and after it is dipped in liquid nitrogen. The increase in band gap due to lower temperature would require a higher supply voltage to turn on the LED. This increased band gap energy would be used when an electron recombines with a hole, resulting in a shorter wavelength of light. Conversely if the temperature is increased past room temperature the band gap would become smaller, meaning the semiconductor is becoming more conductive and less voltage would be required to power the LED.
Band Gap and Photon Wavelength Relation
The band gap energy of an LED can be determined by measuring the voltage across an LED at the point which the LED barely begins to turn on. This voltage can be converted to eV by simply multiplying by the charge of one electron (e). For example if the voltage is measured to be 1.7 V, the band gap energy would be 1. where h is Planck's constant (in units of eV*s), c is the speed of light in vacuum, f is frequency, and \(\lambda\) is the wavelength of the photon. As listed in Table 1 , the color the LED emits depends on the wavelength of the photons emitted from recombination. The type of semiconductor used in the device determines the band gap energy which is used to create photons of different wavelengths. Therefore, the color of the LED is directly material-related. 
